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Medium Voltage Variable Frequency Drives

Introduction

MEDIUM VOLTAGE VARIABLE
FREQUENCY DRIVES FOR
INDUCTION AND
SYNCHRONOUS MOTORS

The global power electronics industry

continues the rapid pace of solid-state drive

development. Over the past four decades,

many drive circuits have become virtually

obsolete and new ones introduced. The user is

confronted with a wide variety of drive types

that are suitable for virtually every kind of

electrical machine from the sub-fractional to

the muLti-megawatt rating. Tn this paper we

wit[ concentrate on commercially available

drives suitable for operating a standard

medium voltage polyphase AC motor.

This category constitutes a major consumer of

electric power in industrial applications, and

represents the opportunity for substantial

improvement in the user’s process, as well as

energy savings. Both new installations and

the retrofit of existing machines are possible.

Despite the diversity of power circuits, these
drives have two common properties:

ALL accept commonly available AC utility

power of fixed voltage and frequency, and

through switching power conversion,

create an output of suitable

characteristics to operate a particular

type of electric machine--in this case

3-phase AC.

2. ALL are based on solid-state switching

devices. The development of new devices

drives this technology. This paper will

illustrate the characteristics of commonly

used devices.
Figure 1 illustrates the basic structure of most

common AC drives. The input conversion

circuit converts the utility power, which has a

constant frequency and amplitude, into DC.

An output inversion stage changes the DC

back into AC with variable frequency and

amplitude. Other elements shown in the

diagram are optional

There are a number of reasons to use a
variable speed drive:

1. Energy savings where variable flow

control is required. Any situation in which

flow is controlled by a throttling device

(valve or damper) has the potential for

energy savings by removing the throttle

and slowing the fan or pump to regulate

flow.

2. Optimizing the performance of rotating

equipment; e.g., SAG mills, compressors,

conveyors, pumps and fans.

3. ELimination of belts and gears or other

power transmission devices by matching

the base speed of the motor to the driven

Load.

4. Automation of process control by using

the VFD as the final control element--

Leading to more efficient part-Load

operation.

5. Reduction of the rating and cost of the

electrical distribution system by

eliminating motor starting inrush.

6. Extending the life of motors, bearings,

seals, liners and belts.

7. Reducing noise and environmental impact.

Electric drives are dean, non-polluting,

quiet, efficient and easy to repair.

Utility AC Input
fixed
Frequency,
fixed Voltage

Power
Factor

Correction

.Ell
TJ.I
I TL I °rmer /

Harmonic
Filter

~c I DC
o I to
)c I AC
;onv I Cony

ICapacitor

1Ind~rct°r

AC Output;
Variable Frequency,
Variable Voltage

Figure 1. Structure of a generic variable frequency drive
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Medium VoLtage VariabLe Frequency Drives

Semiconductor Switching Devices

Even though many of the basic power conver-

sion principles were developed in the 1930s,

when circuits were constructed with mercury

arc rectifiers, it was not until the invention

of the thyristor in 1957 that variable speed

drives became truly practical The

semiconductor devices discussed in this

a convenient way to visualize the device, but

it is actually one monolithic crystal of silicon

with Layers of different doping--hence

conductivity.) Because of the doping, the

diode behaves as a one-way device, allowing

current to flow freely in one direction, but

blocking in the opposite. Typically, the

P

N
\7

Forward
Current

Reverse
Volta_q~_g~                        Forward

Voltage

Reverse
Current

Figure 2. Structure and properties oj~ the diode or rectifier

paper are constructed of silicon with two to

four Layers and different doping. Silicon

devices are presently Limited to Less than

10kV blocking voltage and have a maximum

operating temperature of 150C, although

some are as Low as I00C.
The most elementary silicon diode or rectifier

is shown in Figure 2. There are two "Layers"

of silicon and one junction. ("Layers" defines

silicon diode has a voltage drop when

conducting 0.5v to 1.5v, depending on the

voltage rating. Higher voltage-rated units
have higher forward drop because they are

constructed of thicker silicon. The current

increases exponentially with forward voltage,

resulting in Less change in voltage over a

Large range of current. When blocking reverse

voltage, the Leakage current is quite smaLL by

power standards, generaLLy much Less than

50mA. However, the Leakage current of a

number of diodes are not LikeLy to be close to

the same value; this is also true for other

types of semiconductors. The properties of

silicon devices, such as forward drop and

Leakage current, are quite sensitive to

temperature. The diode has no control input,

so it is considered a passive device, and a

non-Linear one.

Tn order to controL the circuit, active devices

are required--with a control input. By

applying a Low power signal we can make

these devices turn on or off. IdeaLLy, a power

switch would have zero on-state voltage and

zero off-state Leakage current. Tt would be

capable of changing state instantaneously

and could carry current or block voltage in

either direction. ALthough much progress has

been made, power semiconductors do not yet

approach this ideaL behavior.

Fortunately, practical circuits utilizing

available device properties exist. The

voltage-fed inverter requires devices that

conduct in both directions, but need only

block voltage in one direction. The current-

fed inverter needs switches that can block

voltage in both directions, but conduct

current in only one direction.

The thyristor (SCR) is a four-Layer semicon-

ductor device that has some of the properties

of an ideal switch. Tt has Low Leakage current

(at most 10s of mA) in the off-state, a small
voltage drop in the on-state (1 to 3 V), and

takes only a small current signal to initiate

conduction. Power gains of over 10o are

common. When applied properly, the

Copyright © ASIRob]con 2002
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Medium VoLtage VariabLe Frequency Drives

Anode

P
N
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Left: Structure of Thyristor / SCR /
GTO / IGCT / SGCT

Right: Two transistor equivalent
circuit of the four-layer device

Below: Current-Voltage Curve
of the device family
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Reverse
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Reverse Forward
Current Voltage

Figure 3. Properties of 4-layer devices such as the thyristor, gate-turn-ofj~ thyristor. IGCT, and

SGCT

thyristor wilt Last indefinitely. After its
introduction, the current and voltage ratings
increased rapidly. Today it has substantially
higher power capability than any other so[N-
state device, but no Longer dominates power
conversion in the medium and higher power

ranges. The major drawback of the thyristor
is that it cannot be turned off by a gate
signal The anode current must be
interrupted in order for it to regain the

blocking state. The inconvenience of having

to commutate the thyristor in its anode

circuit at a very high energy level has

encouraged the development of other closely

related devices as power switches.

The thyristor or SCR and its siblings the IGCT

and SGCT do not have a linear region. They

are intended solely as a two-mode switch--

either on or off. Once conduction is initiated,

the internal feedback mechanism maintains
the On state even if the gate current is shut

Off. This characteristic also means that the
turn On is extremely fast and not

controlLabLe. However, note the V-I curve in
Figure 3. It cannot conduct current in the

reverse direction, even though it can block

voltage in both directions. The first

generation of variable frequency drives were

made with thyristors. Various strategies were

used to turn Off the devices. UsuaLly, this
requires stored energy in a capacitor to be
discharged by another thyristor. The thyristor
can be regarded as a mature technology
manufactured by dozens of companies.

Copyright © ASIRoblcon 2002

It has been known, almost from the

invention of the thyristor, that some types
could be turned Off by using a reLativeLy
Large negative gate current. This interrupts

the internal positive feedback that keeps the

device in the On state. A class of devices,

known as Gate Turn Off Thyristors or GTOs,
was developed into practical products.

Because of thyristor structure, GTOs can have

blocking voltages as high as 6kV and can

turn off as much as several thousand amperes

of current. The turn-off gain is around 3 to 4;

that is, it takes I/4 to i/3 of the anode
current as a negative current in the gate

circuit to achieve turn-off. Even though this

can be a Large current, the negative gate

voltage is around 20v. So the gate power is

veFy much Less than the main power. But the

capability to turn-off came with a price. The

on-state voltage drop increased substantially

and fabrication become much more difficult.

Furthermore, it was discovered that the turn-
off process causes Large heat Losses in the

silicon. Each turn-on or turn-off causes an
irretrievable energy Loss in the silicon. This is

true for all semiconductor switches (see
Figure 8). In the case of the GTO, the

switching losses Limited the maximum
switching frequency to 200 - 300 Hz. In
order to achieve desired performance, GTOs
were most often used with Large R-C snubbers

which moved the Losses from the silicon to
external components. Since a large
proportion of GTOs were used in voLtage-fed
inverters, the reverse-bLocking capability was
sacrificed to improve other characteristics.
In order to achieve desired waveforms, rapid
switching is very advantageous. This
requirement was inconsistent with Large

switching Losses in the GTO. NevertheLess,
many variable frequency drives based on GTOs

built in the [ate ’80s had good success.
However, the high cost and very Large
switching tosses partiaLLy restricted the use

of GTOs to only those applications in which
space and weight were at a premium.
Because of fabrication difficulty and the

reLativeLy small demand, power GTOs were
manufactured by fewer than a half-dozen

IP7 024842



Medium Voltage Variable Frequency Drives

companies--and the number of suppliers is

shrinking.

More recentLy, the use of IGCT, an improved

means of turning off GTOs, was introduced.

The principle of "hard drive" goes back to

about 1980, but was only introduced in high-

power devices in the past five years. By using

a very fast and powerful gate driver Located
on top of the device, the anode current can

be drawn out quickly (1us) through the gate.

This prevents much of the device loss

encountered in the GTO turn-off. The turn-off
gains unity. The turn-off pulse must be very

fast-rising to minimize device losses. And the

driver must be close to reduce the gate-

Figure 4. An IGCT showing the puck housing
for the device itself and the surrounding
circuit, which is the integrated gate driver.
There are eight MOSFETs around the device
that switch the gate current. Nine electrolytic
capacitors at the edge of the board store
energy for the gate pulse.

circuit inductance. Having no linear region,

the IGCT is a member of the thyristor family

and is therefore suitable only for switching.

Like the thyristor, the TGCT has internal

positive feedback. Once triggered it wiLL

remain On until turned Off, either by a Large

negative gate pulse or by the reduction of

the anode current to zero. Figure 4 shows an

IGCT with the gate driver circuit surrounding

the device.
A further subtlety of the GTO/TGCT family is

the reverse blocking capability. Tn voLtage-

fed circuits the switches do not need to
support reverse voltage, but current-fed

circuits require devices with reverse
blocking. Since the device design is a trade-

off among forward drop, blocking voltage,

turn-off capability and speed, both GTO and

IGCTs are available in asymmetrical versions,

which have no reverse blocking ability. This

allows for better optimization of other

characteristics. For the current-fed circuits,
there are symmetrical IGCTs, which have both

forward and reverse blocking. These are

known asSGCTs (Symmetrical Gate Controlled
mhyristor).

Transistors pre-date thyristors, but their use

as high-power switches was relatively

restricted (compared with thyristors) until
the ratings reached 50 A and 1,000 V in the

same device, during the early 1980s. Bipolar

transistors are three-layer semiconductors

that exhibit linear behavior but are used only

in saturation (fully turned on) or fully turned
off. The transistor is turned on by a base

current, which must be maintained to keep

the device in conduction. In order to reduce
the base drive requirements, most transistors

that were used in variable speed drives are

Darlington types, which have a pre-

amplifying transistor ahead of the main one.

Even so, they have higher conduction losses

and greater drive power requirements than
thyristors. Nevertheless, because they can be

turned on or off quickly via base signals,

transistors quickly displaced thyristors in

lower drive ratings, and were once widely

used in pulse-width modulated voltage

source inverters. Figure 5 shows the structure

and response curve of a bipolar transistor.

They in turn were displaced by insulated gate

bipolar transistors (IGBTs) in the [ate

:1980s. The TGBT is a combination of a power

bipolar transistor and a MOSFET (see Figure

6) that combines the best properties of both
devices. A most attractive feature is the very

high input impedance that permits them to
be driven directly from lower power Logic

sources. The MOSFET (meta[-oxide-
semiconductor-field-effect-transistor) can be
thought of as the driver transistor. As voltage
on the gate increases, current flows through

the MOSFET and into the base of the
complementary PNP bipolar transistor. The
device is normally off and it can operate as a
linear amplifier. This capability has been
useful in controlling di/dt in circuits and

sharing voltage in series strings of TGBTs. In
addition to the high-input impedance, the
TGBT does not have as much stored charge as

the IGCT or transistor, and is therefore a
significantly faster switching device. The on
voltage drop is somewhat higher than that of
an IGCT of the same voltage rating. The IGBT
and bipolar transistor have no reverse
voltage blocking ability, so they are most

N
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Figure 5. Structure and response of a 300A 1200V bipolar power transistor
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Look at both the conduction Losses due to the

on-state voltage drop and also the switching

Losses. Certain categories of device, e.g., the

IGCT and the IGBT, are often characterized by

the maximum turn-on and turn-off energy at

specified operating conditions. Then the

switching Loss is the product of the energy

per switching event times the operating

frequency. The total device Losses are very

important in determining the size, weight

and efficiency of the circuit.

Another factor is maximum operating

temperature at which the performance is

guaranteed. This is usually :ISOC for diodes

and 125C for IGBTs and thyristors. IGCTs are

Figure 6. Structure and response oJ: an T_GBT

often used in voLtage source circuits with a

diode connected in reverse paraLLel. UnLike

the other devices, power [GBTs are actuaLLy

arrays of thousands of tiny devices in

paraLLeL.

The power handling capability of [GBTs has

increased dramatically in the past 5 years.

PresentLy, 3300v devices at 1200A are widely

avaiLabLe with higher ratings on the way. The

forward voltage drop has declined steadily as

the result of newer processing technology

and geometry such as the trench-gate.

[GBTs are now viable alternatives to

thyristors, GTOs and [GCTs in the Largest drive

ratings. There are more than a dozen

manufacturers of power IGBTs and many

improvements in device characteristics have

been introduced. Because of the huge

numbers of ]GBTs used in Low-voLtage VFDs,

they enjoy the cost and reliabiLity benefits of

mass production.

Very recently another device has emerged,

which is known as the IEGT (injection-

enhanced gate transistor). This is a speciaLLy
constructed [GBT which has a Low on state

voltage and is presently capable of bLocking

up to 4.SKY. It appears to be aimed at

deployment in the neutraL-point-cLamped

inverter for medium voLtage inverters. It is

manufactured by only one 3apanese

company.

switches compared? One obvious way is to

compute the product of the rated voltage and

rated current which gives a rough idea of the

VA capacity of the device. But there are other

factors to consider. The device switching

speed is important not only because it

permits better waveforms, but it is also

strongly (inversely) related to switching

losses. The faster a device can traverse
through the region between on and off, the

Lower the switching Losses. Figure 7 shows

the turn-off switching event; the current

decreases as the voltage across the device

increases. In the middle of the event, there
is simuLtaneousLy high current and voltage,

which represents power being dissipated in

the silicon. In an application, one has to

rated at sLightLy Lower temperature.

In the early days of power semiconductors,

the power semiconductors were housed in

ceramic packages which had a threaded stud

on the bottom to attach the device to its
heatsink. Since all the switches have power

losses and a maximum operating

temperature, it is almost always necessary to

provide a "heat sink" to carry away the power

loss and maintain a suitable working

temperature. The heat is carried away by air
or by water. A somewhat Later package

development was the hockey-puck capsule, in

which the diffusion is sandwiched between
two heavy copper blocks, and held in place

by a clamp which exerts a Large compression

force on the puck. This arrangement is

hermetically sealed, compact and provides

two paths for heat transfer and is still in use

Current

-0

Power

Voltage

How is reLative performance of semiconductor Figure 7. Simple illustration o.f switching power loss in a semiconductor
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Medium Voltage Variable Frequency Drives

today. The biggest disadvantage of the puck
package is that the heat sink is electrically

connected to the device, which requires that

the heat sink be insulated from ground and

other parts of the circuit.

In the early 1980s isolated base devices

became available. In this package, one or
more diffusions (active part of the device)

are soldered or clamped down to a thin

insulating layer of aluminum oxide or

aluminum nitride. Below the insulating layer

is a thick copper plate which is mounted on

the heat sink. The advantage of this

arrangement is that only one grounded heat

sink is necessary, and all the devices are

isolated from one another. Even though there

is the additional thermal impedance, the

isolated base module permits so much more

design flexibility than the puck-type package

that is has become extremely popular. All

low-voltage drives today are constructed

with isolated base modules. Still, GTOs, IGCTs

and IEGTs and even some high-power IGBTs
are made in the puck package. (Some

products are available in both packages.) The
module is not quite as well sealed as the

puck and because the top connections are

made with bond wires, the module can fail in
an open-circuit state. In series strings of

devices it is important that the device fail

short to maintain a current path. At this
writing, the isolated base module is more

commonly used to construct medium voltage

drives, although there are puck-based

circuits available. Recent advances in the
wire bonding techniques and baseplate

material have improved reliability to the
extent that module based inverters are now

used in railway traction application. Figure 8

shows a puck device and an isolated base

device.

The diode, thyristor, IGBT and IGCT form the

device technology base on which the solid-

state variable speed drive industry rests

today. There are other device technologies

and enhancements in various stages of

development that may or may not become

significant depending on their cost and

availability in large current (> 50 A and high

Figure 8. Picture o.f puck housing (leJ:t) and isolated base device

Device
type

Diode

Thyristor

GTO

Transistor

IGBT

IGCT

Maximum
voltage

7000

7000

6000

1400

3300

6500

Maximum
current

10000

10000

4000

1800

1200

4000

u sec
off time

5O

10-

10 - 50

3-5

1

2-3

Peak
gate power

N/A

2W

12kW

20 W

3W

45kW

"ON"
voltage

1.0

1.25

3.5

2.5

3.5

2.0

$/kVA

Low

Low

High

Med

Med

Med

Figure 9. Summary oj~ approximate device rating limits j~or commercially available units

voltage 1,000 V) ratings. These include: two

silicon carbide semiconductors, three
variants of the four-layer switch such as the

MTO (NOS turn-off thyristor) and NCT ([vlOS

controlled thyristor). We should expect new

switches to come along and significantly
improve on the devices currently in use.

While the type of semiconductor device is not

necessarily the most important issue to a

user, in general the newer devices provide

better drive performance. See Figure 9 for a

summary of device rating limits.
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AC Variabte Frequency Drives

The impact of new soLid-state switching

devices has been extremely significant on AC

variable frequency drives and will likely

continue. Solid-state variable speed drives

have been developed and marketed for

wound-rotor induction motors (WRIMs),

cage-type induction motors, and synchronous

motors.

HistoricaLLy, WRTM-based variable speed

drives were in common use Long before solid-

state electronics. These drives operate on the

principle of deliberately creating high-sUp

conditions in the machine and then

disposing of the large rotor power that

results. This is done by varying the effective

resistance seen by the rotor windings, and

thence the name of sLip-energy-recovery

drives. But, the WRIM is the most expensive

AC machine. This has made WRIM-based

variable speed drives noncompetitive as

compared with cage induction motor (IM)

drives or Load commutated inverters using

synchronous machines. Except in developing

countries, the WRIM has become a casualty

of the tremendous progress in AC variable

frequency drives as applied to cage induction

motors and will not be discussed further.

PULSE-WIDTH HODULATION

A basic concept in VFD is the method of

creating the output waveform. Since the
switching devices must be either on or off,

the option of analog replication of a sine

wave Like a hi-fi amplifier is not open. Even

-V

AC and DC
components

AC components
only; 43.5% voltage
distortion

AC only, no triplen
harmonics (3, 9,...)
30% distortion

Figure 10. WaveJ:orrns oJ: PWR1 voltage-J~ed VFD
Top--Hotor current/Bottom--VFD voltage output, line-to-line

if we used devices as Linear amplifiers, the

efficiency would be unacceptably poor. Nany

years ago it was discovered that a useful AC

output could be obtained by using a variable

amplitude DC [ink voltage and a very simple

switching scheme.

Figure 10 demonstrates that by using the

bridge circuit with 3 poles and switching the

devices in a pole in a 50% duty cycle

complementary manner (i.e., one is on while

the other is off), and phase shifting the
modulation 120 degrees between poles, we

can get an AC waveform with only 30%

distortion. This was extended to using a

fixed voltage and more elaborate pulse

patterns to control both the amplitude and

the frequency of the output. The technique

of controLLing the output amplitude and

harmonic content by clever pulse patterns is

known as pulse-width modulation. This

ubiquitous method is used in both voltage-

fed and current-fed circuits. The more
switching events or pulses introduced into a

cycle, the better the waveform becomes.

The process effectively eliminates Low-order
harmonics in the output by moving them to

a higher frequency where they can be more

easily filtered. In the case of voltage-fed
circuits, the filtering is provided by the

Leakage inductance of the motor. The limiting

factor is how much device energy is

dissipated per switching event.

11 Copyright © ASlRobicon 2002
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INDUCTION MOTOR
VARIABLE
SPEED DRIVES

Because the squirrel cage induction motor is

the least expensive, Least complex and most

rugged electric machine, great effort has gone
into drive deveLopment to exploit the

machine’s superior qualities. Owing to its

simplicity, it is the least amenable to variable

speed operation. Since it has only one

electrical input port, the drive must control

fLux and torque simultaneously through this

single input, as there is no access to the rotor

circuits. In an induction motor of the power

crossing the air gap, the slip portion is

dissipated as heat in the rotor, and one-slip

comes out the shaft as mechanical power. The

rotor power dissipation raises its temperature,

so very low-sLip operation is essential.

Induction motor variable speed drives in the

past have had the greatest diversity of power

circuits. These circuits can be divided into two

broad categories: current-fed and voltage-fed.

DC link element is an inductor.

Today, voltage-fed VFDs use a rectifier bridge

or multipuLse bridges, or occasionally active

front ends. This gives them consistently high

P.F. and minimum high-order harmonics. The
reactive power needs of the motor come from

the capacitor and are not reflected to the

line. But, the DC link electrolytic capacitors

can be a reliability and lifetime issue. Energy

stored in the link is very high compared to

the CSIs, arid a fault in the inverter can lead

to very high currents. The motor’s inherent

inductance can be conveniently used to filter

a PWM voltage wave. On the other hand, very

fast wavefronts have become a concern to

motor designers and users. In a PWM voltage-

fed circuit, the output switches are

controlled such that both the amplitude and

frequency of the output are regulated.

The most common approach in current-fed

inverters is to use a thyristor converter on the

line side to control the current and thus the

amplitude of the output. The output switches

control only the frequency of the output.

The input power factor is the load power

factor times the PU speed. The reactive power

demand of the motor is passed back to the

Line. High order harmonics are present due to

the high di/dt. Link energy storage is

relatively low and the D(: [ink reactor provides

immunity to faults and grounds. Since the

current is regulated, inverter faults do not

cause high currents. The motor current

cannot change instantaneously, so all the

circuits require a capacitive filter on the

motor to absorb the high di/dt of the

inverter.

CURRENT-FED VERSUS
VOLTAGE-FED CIRCUITS:
TWO BASIC TOPOLOGIES

VoLtage-fed and current-fed refer to the two

basic VFD strategies of appLying power to the

motor. In Europe, these are called voLtage-

impressed and current-impressed, which is a

much clearer description. In voltage-fed

circuits, the output of the inverter is a

voltage, almost always the DC link voltage or

its inverse. The motor and its load--not the
inverter--determine the current that flows.

UsuaLly, these drives have diode rectifiers on

the input. The main DC link filter is a

capacitor. In current-fed circuits, the output

of the inverter is a current, usually the DC

link current or its inverse.
The motor and its load--not the inverter--

determine the voltage. Usually these VFDs

have a thyristor converter input stage and the

3 Phase MV Input
MVMV Input

Typical Snubber
and sharing network

INPUT FILTER FOR
POWER FACTOR AND
HARMONIC CORRECTION

To Inverter

To Inverter

6 - Pulse Thyristor Converter
Figure I1. Six-pulse thyristor converter with series devices
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Figure 12. Typical input current to a 6-pulse thyristor converter

3 Phase MV Input

To Inverter_~_

INPUT FILTER FOR
POWER FACTOR AND
HARMONIC CORRECTION

; To Inverter

12 - Pulse Thyristor Converter

Figure 13. Twelve-pulse thyristor converter with phase shining input trans]~orrner

LINE-SIDE CONVERSION

In a variabte frequency drive, the nature of

the tine-side converter circuit between the
utility and the DC Unk determines the input

properties such as utility harmonics and

power factor. This is done in two ways.

Beginning with input conversion of the

current-fed circuits, Figures 1:1 and 13

illustrate two common atternatives for the

tine-side converter of both of the current-fed

circuits. In Figure 1:1, the converter is a

single three-phase bridge fed directly from

the 4kV line with a line reactor. This
arrangement requires two 5kV symmetrical

thyristors in series to withstand the peak

voltage of 5600 volts, plus some derating for

imperfect sharing of voltage (In the usual

industry practice, devices are apptied at 50-

60% of their voltage rating). This is perhaps

the simplest and cheapest circuit, but it has

the poorest harmonic performance. The input
current spectrum has 20% fifth and :12%

seventh harmonics and the rapid

commutation rate results in significant

harmonic components out to the 35th and

beyond as shown in Figure 15.

This configuration, unless equipped with a
fitter, could not be recommended for any

application above 1 MW in which the user

has concerns about input power quality.

Applying thyristors, or any other

semiconductor device in series, necessitates

some means of assuring that the devices

evenly share the voltages during switching

and during blocking. As the leakage currents

are generally unequal (one must assume some

wilt be maximum specified and others zero

leakage), some parallel resistance

enough to cause a parallel current which

swamps out the device leakage is used. These

sharing resistors can be minimized by

matching devices, but atways represent an

additional circuit complication and extra

power tosses. Assuring sharing during turn-

on and turn-off are more difficult. The gate

drive circuits have to have short and ctose[y

matched propagation detays. During turn-off

the difference in recovered charge must be

absorbed by the device snubber. Either a

large snubber or matched devices must be

employed.

Figure 13 shows two thyristor converters in

series, fed from a transformer with two

secondary (wye and delta) windings. Each
converter must be able to produce about

2800VDC maximum, so the secondary

voltages are about 2000 VAC. Conversion at

this voltage is readily possible with one

phase-control thyristor rated at 5kV. The
advantages of this arrangement are that it

eliminates series devices, raises the pulse

number from 6 to :12 and it permits the

transformer to support the converter

common-mode voltage rather than apply it to

the motor. (See Figure 15 for a bar chart of

the characteristic harmonics of these

13 Copyright © ASlRobicon 2002
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/,/i-~-i---! ~~    ~ /~_u~ent1

Figure 14. Input voltage and current waveforms for a 12-pulse thyristor converter

circuits.) Of course, the transformer has to be
designed for the harmonic currents present in

the primary and secondary currents. The main

result of raising the pulse number from 6 to

:12 is a dramatic reduction of the troublesome

fifth and seventh harmonic currents. For
thyristor converters the proportion of

harmonic currents is very nearly 1/h of the

fundamental, where h is the harmonic

number. H = n*p +/- :1, where n is an integer

and p is the purse number. A very important

point is that although only hatf of the

harmonic spectrum is present in the :12-pulse

case compared to the 6-pulse, those

components of the 12-purse spectrum are

about equal to the 6-pulse vatues. Because of

the rapid commutation rates, the high order

harmonics are quite significant. This will be

Percent Harmonic Current
6-pulse: All bars

12-pulse: Black bars only

Figure 15. Harmonic current spectrum of a th~/ristor converter in 6- and 12-pulse circuits

shown to be a significant difference

compared to diode rectifiers. For the current-

fed cases, the totat current harmonic

distortion at the converter input is

approximatety 30°/o for 6-purse and 15% for

12-purse. Neither figure approaches the

strictest timit of IEEE-5:19 for the situation

where the utitity fine short-circuit current is

less than 20 times the total load current.

Therefore, both circuits may require filtering

to meet the 5:19 requirements, unless there is

also a tinear toad of 3 to 6 times the drive

rating.

The substantial quantity of higher-order

harmonics can resutt in these SCR converters

being the source of tetephone interference.

In that case, the tittering becomes

dramatica[ty more difficutt.

In the current-fed circuits, the DC [ink
vottage is equa[ to the motor rated peak fine-

to-line vottage times the actual load power

factor at the operating point, times the PU

speed. Therefore, in a centrifugal Load, the

DC rink voltage drops rapidly as the speed

drops, and the input converter must phase

back to accommodate this effect. The phase-

back resutts in a direct reduction in
displacement power factor. Another aspect of

the power factor issue is that since the load

current flows directty through the rink

inductor into the converter (i.e., the inverter

current and the converter current must be

identicat), the reactive current requirement
of the toad is "passed back" to the fine.

There is no difference in the displacement

power factor between the circuits of Figure
11 and Figure :13. See Figure 16 for the

uncorrected P.F. of these converters versus

stator frequency assuming a centrifuga[ toad.

In order to deal with the input power quatity
issues, these circuits are usuatty equipped

with a substantiat filter (~.3 PU) which

corrects the power factor and absorbs some

of the harmonic currents produced by the

converter. This is shown in Figures 11 and :13

as a tuned branch. Fortunatety, a fixed

amount of reactive current compensation

provides reasonably good P.F. over the usuat

operating speed range of a pump or fan (50%

Copyright© ASIRoblcon 2002 :14
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to lO0%)(Ref.1). In the case of the
transformer with two secondary windings, a

filter can be applied to both secondaries,

thereby reducing the harmonic burden on the

transformer, as we[[ as Lowering the total

transformer fundamental current. Filters are
more commonly applied at the transformer

input.

In aLL the current-fed circuits, amp{itude

control of the output is achieved by
controLLing the DC Unk current with a

regulator which manipulates the converter

output voltage through phase angle control

Since the converter output voltage must
track the inverter bus voltage to maintain

the current, the phaseback angle is in a

constant state of modu{ation. If the ~ink

inductoF is smaLL, this effect if aggravated,

and then the conduction interval of the

converteF thyristors becomes unequal from

cycle to cycle. This phenomenon results in
non-characteristic input harmonics.

A{though the DC {ink current always flows in

the same direction, power flow from the

motor to the Line can be accommodated,

because in that case the Link vo{tage reverses

polarity. Therefore, these input converters

permit regeneration, and drives based on

them are inherently four-quadrant. During

regeneration, the input current waveform is

the same as for motoring, but the angle of

the current Lies between 90° and 150°

Eagging the voltage.

Since the DC Link is current controlled by a

fast regulator in conjunction with the Link

inductor, fault protection downstream of the

DC link is relatively easy.

An inverter commutation failure simply

results in the converter having to phase back

quickly to hold the current at its reference

value. A very Umited amount of fault current

will flow. Having part of the Link choke in

each DC Leg affords better protection. In that

case, even a ground fault downstream of the

Link wit[ result in only Limited fault current.

A drawback of all power conversion circuits,

but especially thyristor input circuits without
isolation transformers, is that they will

generate a Large common-mode voltage,

which appears on the motor winding-to-

ground circuit insulation (Ref. 4,5). This

phenomenon occurs because only two input

Lines are in conduction at a given time. Thus,

the circuit downstream of the converter must
assume a common-mode potential equal to

the mid-point of the two conducting input

phases. This is not the neutral voltage, as

would be the case if all three phases were

uniformly loaded. The common-mode

voltage is a minimum at zero phaseback, but

increases greatly as the phaseback angle
increases, reaching a maximum at 90°.

0.8

D.4

10
0 5     10 15     20     25 30     35     40     45     50     55     60

Output Frequency

Figure 16. Uncorrected input power j~actor oJ: current-j~ed circuits with centrifugal lo~ds
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The bridge rectifier is the workhorse of power
electronics. It is used in 1 phase and 3 phase versions.

The output voltage is a DC voltage equal to 3/p * Vllpk

This circuit is used as the input power
conversion for LV PWM AC drives.

Multiple combinations of the bridge
are combined with phase shifting
transformers to make multipulse
rectifiers

313
AC

FIXED
VOLTAGE

separate 2400 VAC winding on the
transformer. The DC link voltage is nominally
6800 VDC, with a midpoint established at the
center of the capacitors. (Of course, one
could use series rectifiers and operate
directly from 4160 volts in a single 6-pulse
circuit, if they didn’t care about the
harmonic consequences.) A DC [ink choke
may be used between the rectifier and the

capacitor, which will reduce the 5th harmonic
current. However, this has the drawback of
exposing the rectifiers to voltage transients
on the input line. If the DC [ink inductor is
not present, voltage transients are converted
into current transients by the transformer

reactance. These are much less likely to cause
a rectifier failure than a voltage transient. A

Figure 17. The diode rectiJ)’er bridge circuit
big advantage of this arrangement is that the

5th and 7th harmonic currents from the two

VOLTAGE-FED LINE
CONVERSION

The behavior of rectifier circuits is somewhat

different since they use uncontrolled

devices-diodes which conduct as soon as the
voltage becomes positive. The bridge rectifier

is the most common circuit.

In this circuit, Figure 17, the positive bus is

at the potential of the most positive line

voltage, while the negative bus is at the

potential of the most negative line voltage.

(It’s like an auction--the highest potential

line wins.) Because of this action, the bridge

is quite sensitive to unbalanced input

voltage; the high line-to-line voltage tends

to monopolize the current and third

harmonic currents are drawn.

As seen in Figure 18, the input current is

quite distorted, with large fifth and seventh

current harmonics. But since the rate of

change of current is low, the higher order
harmonics are smaller than in the thyristor

converter.
This circuit is used as the building block for
multi-phase arrangements to reduce the
current distortion. The input displacement
power factor is uniformly high. But, this
circuit cannot return energy to the line as

can the controlled bridge.

AC and DC side inductors are frequently/used

to reduce the input harmonic current.

The line-side inductor slows the commutation

and widens the current pulses, reducing the

5th and 7th harmonics. The current waveform

is very sensitive to the line-side inductance.

This is arguably the most basic and

inexpensive power conversion unit.

In Figure 19 we have two 6-pulse bridge

rectifiers in series. Each bridge is fed from a

bridges cancel in the transformer and are not

present in the transformer primary current.

Since uncontrolled rectifiers are used, the

displacement power factor is nearly unity.

Therefore, these input converter

arrangements have inherently high power

factor at all operating conditions and P.F.

correction is unnecessary.

In voltage-fed circuits, the inverter current

does not flow exclusively into the converter

owing to the shunt path of the DC [ink

capacitance. The reactive power requirements

Figure i8. Typical input current waveform to a 6-pulse diode rectifier
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of the Load are supplied by the inverter,

using the DC Link capacitor as storage, since
the average power of reactive currents is

zero. So the input converter and transformer

of a voLtage-fed drive need only deal with
real power requirements of the Load, not the
reactive component.
This results in higher efficiency at reduced
speed. ConverseLy, since the DC Link voltage
is essentiaLLy constant, the output amplitude
control must be achieved by the inverter via
PWM strategies.

The input harmonic properties depend on the
values of the AC side reactance and the DC
[ink choke. As the rectifiers undergo
commutation when the voltages a minimum,

di/dt’s are very Low compared to thyristor
converters.
A Large AC side reactance further slows the

commutation rate and minimizes higher order
harmonics, while the DC [ink reactor is
mostLy effective at reducing 5th and 7th.
See Figure 21 for a bar chart of the typicaL
harmonic spectrum for the uncontroLLed
rectifier circuit assuming .05PU commutating
reactance. In order to attain compliance with
the most stringent category of IEEE-5:19-
~1992, 5% ITHD, it is necessary to add 0.3PU
kVA of harmonic filter to the circuit of Figure
:17. it is possible to dispense with the DC [ink

choke by using other ways to deal with the
augmented 5th and 7th currents which
resuLt.
Because of the rapid faLL-off of the harmonic
currents as compared to the thyristor
converter (compare Figure :14 and Figure 20),
a 12-puLse rectifier comes much closer (~7%
ITHD) to meeting the most stringent current
distortion IEEE-519-:1992 Limit of 5%.
Most neutraL-point damped circuits use this

configuration, but occasionally there are 18-

pulse circuits in difficult cases. An :18-pu[se

diode rectifier with suitable [ine-side

reactance wiLL attain 5% or [ess current

distortion.

3 Phase MV Input

To Inve

INPUT FILTER FOR ~ ; ~ ~
To Inve

HARMONIC CORRECTION
12 - Pulse Rectifier

Figure 19. Twelve-pulse rectijS"er--bridges in series

Figure 20. Typical input current waveJ~orm to 12-pulse rect~’er
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35 Percent Harmonic Current
6-pulse: All bars

12-pulse: Black bars only

3o

25

2o

15

10

23

Figure 21. Input harmonic current spectrum of a rect~’er bridge

37

ACTIVE FRONT END
LINE-SIDE CONVERSION

Another way to convert the utility power to
DC power for the link, frequently called the
"active front end," has emerged as practical
with the decrease in cost of devices. It uses
six fully-controlled (that is, you can turn
them off/on at will) switches (GTOs, IGCTs, or
IGBTs). In this circuit, the switches are
controlled with a PWM technique to generate
a sinusoida[[y-modu[ated voltage at the AC
input to the bridge. There is an inductance
and filter connected between the AC input to
the bridge and the utility.
By adjusting the amplitude and phase of the
modulated voltage, the user can control the
amount of current flowing into the bridge
and also its phase. Therefore, this circuit can
make power flow in either direction
(permitting four-quadrant operation) and at
any desired power factor. The PWM
modulation process produces voltage
harmonics at high frequencies.
The filter prevents these harmonic voltages

from causing large harmonic currents into
the utility. Of course, the big disadvantage is
that the cost and complexity of the fully-
controlled switches is much higher than that
of diodes. Building such a circuit for current-
fed topologies is also possible.

INPUT FILTER CONVERTER DC BUS INVERTER

J J J

Figure 22. VFD with an active front end
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DRIVE CONTROL
TECHNOLOGY

ParaLLeL to the development of power

switching devices, there have been very

significant advances in hardware and software

for controLLing variable speed drives. These

controls are a mixture of analog and digital

signal processing.

The advent of integrated circuit operational

amplifiers and integrated circuit Logic famiUes

made possible dramatic reductions in the size

and cost of the drive controL, while permitting

more sophisticated and complex control aL-

gorithms without a reLiabiLity penalty. These

developments occurred between 1965 and

1975. Further consolidation of the control

circuits occurred after 1975 as Large-scaLe

integrated circuits (LSI) became avaiLabLe. Tn

fact, the puLse-width modulation (PWM)

control technique was not practical until the

appearance of LST circuits because of the

immense amount of combinatorial Logic

required. CLearLy, the most significant advance

in drive control has been the introduction of

microprocessors into drive control circuits.

The introduction of cheap and powerful

microprocessors continues to expand the

capability of drive controls. A modern drive

should have most of these features.

The performance enhancements include:

More elaborate and detailed diagnostics

owing to the ability to store data relating to

drive internal variables, such as current,

speed, firing angle, etc.; the ability to

signal to the user if a component has failed.

The ability to communicate both ways over

industry standard protocols with the user’s

central computers about drive status.

The ability to make drive tuning adjustments

via a keypad or over an Ethemet [ink with

parameters such as Loop gains, ramp rates,

and current Limits stored in memory rather

than potentiometer settings.

4. SeLf-tuning and seLf-commissioning drive

controls.

5. More adept techniques to overcome power

circuit nonlinearities.

FRIGGER

Figure 23. Generation of an AC output by switching a DC voltage
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Medium Voltage Variabte Frequency Drives

Understanding the details of the machine-

side converters (inverters), requires an

understanding of the needs of the "load"-

the motor. AC machines have mostly been

designed for operation on the utility, where

the voltage is a reasonably good sine wave.

So, the efforts of VFD manufacturers have

been directed toward building a drive with

an output close enough to the utility voltage

to permit the motor to operate satisfactorily,

preferably without derating and without a

shortening of lifetime. The output of present-

day medium voltage VFDs is not perfectly

sinusoida[. First we need to avoid low-order

voltage harmonics which will raise the motor

rms current without creating additional

torque, and which also cause torque

pulsations. In a properly designed motor,

with sinusoida[ currents, the output torque is

smooth with time. This is not the case when

harmonic currents are present. Generally, the

total harmonic distortion of the motor
current should be less than 5%. Second, the

motor groundwa[[ insulation is not intended

to cope with a continuous offset of the

winding voltage from ground (common-mode

voltage), so we need to keep the common-

mode voltage to a low value. Third, the motor

coil insulation was originally designed to

deal with the very low dv/dt of the utility

voltage, with infrequent transients

superimposed. So, the drive output voltage

needs to avoid subjecting the motor to

repetitive transients with high dr/dr, (step

functions) which may cause excessive turn-

to-turn voltage. Fortunately, the coils in a

medium voltage motor are much better

designed for withstanding this stress than a

Low-voltage motor coil. This is because the

medium voltage motor coils are form-wound

with conductors insulated by varnish and by

tape. The geometry of the coil is always the

same and the start turn does not lie on the

finish turn. By contrast, in a tow voltage
motor, the coils are usually random-wound so
the start and finish might tie adjacent to one
another. Also, there’s usually no tape on the
turn-to-turn insulation; it is only the
varnish. The dv/dt limit for a medium voltage

motor is lO00V/us.
For drives rated 2300VAC and above on the

output, there are a number of choices of

design of both current and voltage fed types.

:1. The load-commutated inverter (LCI)
(Figure 24)

2. The filter-commutated thyristor inverter

(Figure 27)

3. The current-fed 6TO/S6CT inverter
(Figure 29)

4. The neutral-point-damped inverter

(Figure 31)

5. The multi-level series cell VFD

(Figures 33, 34)

6. The cycloconverter (Figure 35)

3-Phase MV Input
~ o-~

INPUT FILTER FOR
POWER FACTOR AND
HARMONIC CORRECTION

12-Pulse Thynstor Converter Lood Commutated Inverter (LCl)

SERIES THYRISTORS

Synchronous
Motor

Figure 24. Load-comrnutated inverter (LCI)
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LOAD-COMHUTATED
INVERTER

As shown in Figure 24, the load-commutated

inverter is used with a synchronous machine.

The LCI uses two thyristor bridges, one on

the line side and one on the machine side. All

the thyristors are "naturally" commutated.

Commutation refers to the process of
changing the current from one switching

device to the next. in natural commutation,

the utility line or some other low-impedance

AC-voltage source provides the commutation

energy. The synchronous motor acts like a

utility line since its counter EFIF commutates

the machine-side converter. The machine-

side converter operates exactly like the line-

side converter, except the phase back angle

is about 150°. The machine naturally applies

reverse voltage to an off-going device before

the next thyristor is gated. This imposes

special design criteria on the synchronous

motor. It must be able to operate at a

ue

+

+

Winding

+

g Current

+

+

+ + +

+ + +

~---    2CYCLES AT 82.5HZ

Figure 25. Output current, voltege, end torque of en LCZ
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leading power factor (0.9) over the speed
range, it must have low enough leakage

inductance to quickly commutate the

thyristors, and it must be able to withstand
harmonic currents in the damper windings.

The requirement for the machine to always

operate with a Leading power factor requires

more field excitation and a special exciter

compared with that normaLLy applied to a

synchronous motor. This also results in a
reduction in the motor torque for a given

current. The machine-side devices are fired in

exact synchronism with the rotation of the

machine, so as to maintain constant torque

angle and constant commutation margin.

This is done either by rotor position feedback

or by phase-control circuits driven by the

machine terminal voltage. Only RC networks

for voltage sharing are necessary. The output

current is very similar in shape to the input

current (a quasi-square wave), which implies

a substantial harmonic component. The

harmonic currents cause extra Losses in the

damper bars, and they give rise to very

significant torque pulsations. The drive is not

self-starting due to the Low machine voltage

at Low speeds. Therefore, the drive is started

by interrupting the DC link current with the

line-side converter in order to commutate

the inverter thyristors. The Line-side

converter is regulated to control torque.

A choke is used between converters to

smooth the [ink current, since there is

considerable voltage ripple on the Line-side

and machine-side buses. Due to the harmonic

and torque pulsation issues with the 6-pulse

arrangement, LCIs with :~2-pu[se inputs

feeding two sets of windings on the motor

became popular, as shown in Figure 26.

Load commutated inverters (LCIs) came into
commercial use in the late ’70s and are used

mainly on Large medium voltage drives (:IMW

- :IOOMW). At these power LeveLs, multiple
series devices are employed (typically 4 at 4

kV input), and conversion takes place

directly at 2.4 or 4 kV or higher. The

efficiency is excellent, and reLiabiLity has

been very good. ALthough they are capable of

regeneration, LOs are rarely used in four -
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Winding Transformer

6-P Input ~_~ .
q 6-P OutputConverter    Dnk Choke    Converter

Converter    Dnk Choke    Converter

Figure 26. Twelve-pulse load-commutated inverter

SERIES THYRISTORS

3-Phase MV Input

INPUT FILTER FOR
POWER FACTOR AND
HARMONIC CORRECTION12-Pulse Thyristor Converter

Typical Snubber
ang sharing

Fdter Commutate6 MV

Figure 27. Filter-commutated medium voltage induction motor VFD

INDUCTION
MOTOR

OUTPUT FILTER

Inverte

quadrant applications because of the

difficuLty in commutating at very low speeds

where the machine voltage is very small.

Operation above line frequency is

straightforward. Despite the need for special

synchronous motors, the LCI drive has been

very successful, particularly in very large

sizes, where only thyfistors can provide the

current and voltage ratings necessary. Also,

many high-speed LCIs have been built. Now

that self-commutated VFDs are available, the

LCl is becoming less popular.

FILTER-COMMUTATED
THYRISTOR DRIVE

In the circuit shown in Figure 27, the
synchronous motor is replaced with an

induction motor and output filter capacitor.

The output filter capacitor is chosen to

supply all the magnetizing current of the

motor at about 50% speed. Above that point

100% Torque At Rated Speed

the Load (machine and filter combined)

power factor remains leading and the

inverter thyristors are naturally commutated,

that is, the voltage across the device is

naturally reversed before the reapp[ication of

forward voltage. :In this mode of operation,

the thyristor waveforms are similar to those

in an LCT. The filter must supply (at a

minimum) all of the reactive current
requirements of the motor at full load, and is

typically 1 PU of the drive kVA rating. In

addition to the large AC capacitors, the filter

requires some series inductive reactance to

Umit the di/dt appLied to the inverter

thyristors. Since the filter is capable of self-

exciting the motor, a contactor is required to

isolate the filter from the motor when the

drive is off line. The large filter has the

advantage of providing a path for the

harmonic currents in the inverter output

(which is a 6-step current), so that the motor

current waveform is good near rated

frequency. As the output frequency

decreases, the filter becomes less effective

and the motor current waveform deteriorates.

The fundamental current into the filter

increases with the square of the frequency up

to rated voltage, since the voltage is also
increasing with the frequency. Since the

filter cannot provide commutation down to

zero frequency, it is necessary to provide an

auxiliary commutation means to get the drive

started. This circuit acts on the DC [ink

current, and is commonly called the diverter.

When it is time to switch inverter thyristors,

the DC link current is temporarily interrupted

o o100 Vo Torque At 75 Yo Rated Speed 1 O0 Yo Torque At 50% Rated Speed

Figure 28. Output voltage, current and torque o_f a j~’lter-commutated VFD
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3-Phase MV Input

INPUT FILTER FOR
POWER FACTOR AND
HARMONIC CORRECTION 12-Pulse Thyristor Converter

Typical GTO Snubber
SERIES GTO’s

Inducbon
Motor

output Capacitors

Series 6TO Current Fed Inverter

Figure 29. Current-fed VFD using GTO/IGCT inverter stage

to perhaps 0.8 PU, but it does not eliminate
it. Since the motor appears to be a voltage

source behind the Leakage reactance, it is not

possibLe to commutate the current between

motor phases without a voltage to change the

current in the Leakage inductance. When a

GTO turns off, there must stilt be a path for

the current trapped in the motor Leakage

inductance, which is provided by the

capacitor bank. The capacitors resonate with

the motor Leakage inductance during the

transfer of current. The choice of capacitor is

determined by the permissible maximum

voltage during commutation and the Location

of the resonance with the motor inductance.

ALL current-fed VFDs need a "buffering"

(diverted), aLLowing the devices to recover.

Then the next thyristor pair is gated, and DC

[ink current is restored. The auxiliary circuit

needs to be able to withstand full [ink

voltage, and interrupt the rated DC [ink

current for several hundred microseconds to

permit the inverter thyristors to recover.

(High voltage thyristors require long turn-off

times as a consequence of design

compromises in achieving high-blocking

voltage.) Thus, the auxiliary commutation

circuit is quite significant in rating. Tt is not

usually intended for continuous operation,

but only to get the speed up to the point

where the filter commutation commences.

The drive controller has two modes of

operation. This circuit has been implemented

using four 3kV thyristors in series per leg of

the output bridge. (Tt is possible to add

additional thyristors for redundancy.) Each

leg of the bridge experiences the peak motor
fine-Line voltage of about 6000 volts in both

polarities, so the devices must have

symmetrical Mocking voltage. As in the input

converter, the issue of voltage sharing during

steady-state and switching arises.

Combinations of device matching and/or RC

snubbers are needed. Gate circuits for

thyristors are simple and typically deliver

3 - 5 watts power, although they are
designed for somewhat more. This approach

has been most successful in those

applications where the drive operates more

or Less continuously and in the range of

60 - 1_00% of rated speed.

CURRENT-FED GTO INVERTER

Another medium voltage bridge inverter
circuit is shown in Figure 29. Here the output
devices are GTOs (three 4kV units per leg will
be required) which can be turned off via the
gate. This reduces the size of the filter as
compared to the fi[ter-commutated inverter

capacitor between the impressed current of
the inverter and the inductance of the motor.
Furthermore, if the capacitor bank exceeds .2
PU, the possibility of self excitation of the
motor exists, unless precautions are taken,
such as a contactor between machine and
drive. Voltage-fed circuits do not require
output capacitors, because the voltage across
the leakage inductance can be arbitrarily
changed. Since the capacitor bank is smaller
than in the fi[ter-commutated VFD, it does
not provide as much filtering of the output

Vol
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-250

off
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79.98 m
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-250
-- seconda -- 79.98 m

Figure 30. Output voltage (top) and current of a GTO/SGCT current-fed VFD
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current. Motor current improvements are
made by harmonic elimination switching
patterns for the GTOs. At Low frequencies,
many pulses per cycle are possible and
harmonic elimination is quite effective. But
the GTO frequency limit of a few hundred Hz
restricts harmonic elimination at rated
frequency to the 5th and maybe the 7th.
This frequency limit is due to the nature of

the GTO turn-off (and to a lesser extent, turn-
on) mechanism. The device is turned off by
extracting charge from the gate over a period
of a few tens of microseconds and
interrupting the regenerative turn-on
mechanism. Near the end of the charge
extraction period, the voltage across the GTO
rises and the current begins to fail During
this time the device experiences extremely
high internal power dissipation, which must
be mitigated by the use of a large (1-SuF
compared to .luF for thyristors) polarized
snubber located very close to the GTO. Tn that
snubber, the capacitor is connected through a
diode (the diode needs the same voltage
rating as the GTO) to the GTO, so turn-off
current can divert into the snubber, but the
capacitor cannot discharge into the snubber
at turn-on. The energy transferred to the

snubber capacitor must be disposed of in
some way so that the capacitor is discharged
before the next turn-off. So GTOs typically
have a minimum "on" time (lOuS) and a
minimum "off" time (lOOuS) to permit the
internal switching heat to flow away from the
junction and for the snubber to recover.
Violation of the minimum time limits, or an
unsuccessful turn-off attempt can result in
destruction of the GTO. This limits the
maximum switching rate with tolerable losses

to a few hundred Hz. The GTO gate driver, in
addition to providing a turn-on pulse
comparable to the thyristor driver, must
deliver a peak negative current of 1/5 to 1/3
the anode current in order to turn off the
device. Thus, the GTO driver has a peak VA
rating of 2 to 3 orders of magnitude higher
than that for a thyristor, and perhaps ten
times the average power requirement. This is
an important factor in that all the gate power

must be delivered to a circuit floating at

medium voltage potential. The snubber

losses can have a noticeable effect on part-

load efficiency for a GTO drive. Some circuit

implementations use patented energy

recovery techniques to avoid efficiency

deterioration, but these add serious

complexity.

The snubber Loss is proportional to the

frequency and to the snubber capacitance,

but to the square of the voltage. Those

circuits need to use devices with a

comparable voltage rating to the GTO. The

design compromises in the metallurgy of the

GTO results in a significantly higher forward

drop (2.5 to 4 volts) than the conventional

thyristor.

The device design is further complicated by

the requirement for symmetrical voltage

blocking in the current-fed topology. This
circuit has benefited from the development

of the IGCT and the SGCT. They perform much

better than the GTOs in switching and low-
forward drop and thus have improved the VFD

performance considerably.

N EUTRAL-POINT-CLAM PED
INVERTER

Despite the design issues of series GTO

designs, they have also been used

successfully in voltage-fed drives. Figure 31
illustrates such a circuit, the neutral-point-

clamped inverter. There have been many of

this type applied at 3300 volts output with

4.SKY GTOs, but the circuit has only recently

been extended to 4kVAC, probably because of

the improved properties of the IGCT. In the

newer versions of this drive, the GTOs are

replaced with IGCTs and IGBTs. One very

important improvement is that the IGCT can
operate with a very small snubber or no

snubber at all
In this 4kVAC output design, the total DC link
voltage is 6kV, with a midpoint established

at the center of the capacitor filter. Each leg
of the bridge consists of two 6.5kV IGCTs in
series. There are diodes in reverse across
each GTO to permit motor current to flow
back to the link, and still more diodes (same
voltage rating as the GTOs/IGCTs)
connecting the mid-points of the inverter

legs back to the mid-point of the DC link. The
total device count is 12 GTOs and 18 diodes
(plus 12 more diodes in the GTO snubbers, if
GTOs are used). The neutral-point-clamped
inverter offers several advantages in those

cases where series devices would be
necessary anyway. First, the clamping diodes
permit another voltage leveL, the DC [ink
midpoint, at the output. This cuts the
voltage step seen by the motor in half, and
more important, creates another degree of
freedom in eliminating output harmonics.
Also, the clamping diode positively limits the

voltage across any one device to half the link

3-Phase MV Input

~ INPUT FILTER FOR
HARMONIC CORRECTION

12-Pulse Rectifier

Induction
Motor

GTO NeutraI-Po~nt-Cloped Inverter

Figure 31. 5TO/IGCT voltage-fed neutral-point-damped inverter
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Figure 32. Raw and j~’ttered output voltage waveform of an ZGCT neutral-point-damped inverter

voltage, enforcing voltage sharing without

additional RC networks. Sometimes the NPC

is equipped with an output fiLter to improve

the motor waveform.

Since the switching devices in this circuit are

never subjected to reverse voltage, using

asymmetrical devices in which absence of

reverse blocking is traded off for Lower

conduction and switching losses is preferable.

Device protection during a short circuit can

be a problem, as the GTO/IGCT can carry

almost unlimited fault current like a

thyristor. Unlike the current-fed circuits

where fault current is Limited, in the voltage-

fed circuit, the DC [ink capacitor can source

very Large fault currents in the event of a

short or a commutation failure. Protection

schemes generally attempt to Limit the rate

of rise of fault current with an inductor and

then turn off the devices before it grows

beyond the safe turn-off Level.

It is possible to use the NPC topology with

TGBTs as the switching devices. As IGBTs are

currently Limited to 3300 volts, the TGBT NPC

Power

~lnductio[

phrmckt
3 phase MV Input__~ Series Cell MV Drive (Perfect Harmony)

Figure 33. Series-cell multi-level VFD

cannot yet reach 4kVAC output, but IGBT
manufacturers are working on a 6kV TGBT.
The concept of NPC can be extended to M-
level inverters, although the number of
diodes grows rapidly. Since each device is
topologically unique, adding redundant
devices would require twice as many, instead
of just one more.

MULTI-LEVEL SERIES
CELL INVERTER

The patented series ceLL arrangement of Figures
33 and 34, aLso known as the Perfect Harmony
drive, addresses the previously mentioned
design issues in a unique way. Since there are
no devices in series, only series ceLLs, the
problem of voltage sharing does not exist. The
rectifier diodes and the IGBTs are both closely
coupLed to the DC link capacitor in the ceLL and
thus cannot be exposed to more than the bus
voltage, regardless of the Load behavior. Since
there is no DC Link choke, a voltage transient

on the AC mains is converted into a current
pulse by the reLativeLy high Leakage reactance
of the transformer secondary, and does not add
to the voltage seen by the diodes.
Each ceLL generates the same AC output. The
fundamentaLs are equal in magnitude and in

phase, but the carrier frequency is staggered

among the cells in a particular phase. See

Figure 35 for the output waveforms. Although

an individual cell operates at 600 Hz, the

effective switching frequency is 3.6kHz, so

the lowest harmonic is theoretically the 60th.

This Low switching frequency and the

excellent high-frequency characteristics of

the IGBT has the advantage that the IGBT

switching losses are totally negligible. The

devices can switch well above rated current
without the need for snubbers which also

helps in maintaining excellent efficiency.

Waveform quality is unaffected by speed or

load. For the 5 cell/phase VFD, there are ten

620 volt steps between the negative and
positive peaks. With this technique, the
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concern for high dv/dt on the motor windings

is avoided entirely.

A major advantage of the IGBT over all other

power switches is the extremely low gate

power required. The peak power is about 5
watts with an average of much less than t

watt. This dramatically simplifies the detivery

of gate power compared to the GTO/IGCT.
Although there are more active devices in the

Perfect Harmony (48 IGBTs and 72 diodes in

the inverter sections) than in the other
circuits, the etimination of snubbers, vottage

sharing networks, and high-power gate

drivers compensates for the additional

switching devices. The type of IGBTs

emptoyed are third- and fourth-generation

isolated base modules, generally the same
mature product as those found in 460 VAC and

690VAC PWM drives, and are also used in
traction apptications. The IGBTs are protected

by an out-of-saturation detector circuit which

augments the buitt-in current timiting

behavior. Since the cells are assembled into a

non-conducting framework and are

e[ectricat[y floating, the mounting and

cooting of the IGBTs is no more complex than

in a tow vottage PWM drive. It is possibte to

put redundant cetts in the string, and also to
operate at reduced output with one cell

inoperative.

AC in from
XFMR

VARIABLE AC OUT

Figure 34. Power conversion cell for the series-cell multi-level VFD

Vo tage

2047

Figure 35. Output voltage and current of a series-cell multi-level VFD
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IPHASE CONTROLI

MASTER REFERENCE I I
I PHASE CONTROLI    I PHASE CONTROLI

INDUCTION MOTOR
Figure 36. The 6-pulse

cycloconverter motor drive

CYCLOCONVERTER

StiLL another approach in an IM drive is to

"synthesize" an AC voltage waveform from

small sections of the three-phase input

voltages. This circuit arrangement is different
from the previous types in that it does not

have two conversion stages separated by a DC
[ink. This requires at Least three "dual

converters," which are two thyristor bridges

connected antiparal[e[, and the circuit is

called a cycLoconverter. See Figure 36. The
output voltage is rich in harmonics but of

sufficient quality for IM drives as long as the

output frequency does not exceed 1/3 of the
input frequency for a    6-pulse

implementation. Twelve-pulse versions with

more thyristors can generate better output

waveforms at higher frequencies (closer to
the line frequency). The thyristors are line

commutated, but there are at least 36 of
them. The cycloconverter is capable of

extremely heavy overloads, fast response, and

four-quadrant operation, but it has a limited

output frequency and poor input poweF

factor. The cycloconverter has been used very

successfully for special Low-speed, high-

power (> 10MW) applications, such as cement-

kiln drives and main ro[[ing mill drives.

Copyright © ASIRoblcon 2002

Figure 37. 25Hz output voltage wave and reference of 12-pulse cydoconverter (60Hz input)

COMPARISON OF MEDIUM
VOLTAGE MOTOR DRIVES

All of the drive-types mentioned above are

capable of providing highly reliable operation

at a justifiable cost, and have been proven in

service. They all have full load efficiencies

above 95%. The most significant differences

among them involve power quality; that is,

how close the input current is to a sine wave,

and how well the output resembles the

28

sinusoidal utility voltage. Figure 38 compares

a number of different factors. Voltage-fed

drives have an advantage with regard to input

harmonics and power factor, and the drives

which do not use thyristors, have a wider

speed range.
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Input
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Unfiltered output
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Load-commutated

inverter
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Neutral-point

clamped

inverter
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Very good (!8pls)
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current-fed inverter

Fair (12-puLse)
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GTO/IGCT

current-fed inverter
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Yes No Yes No No

Figure 38. Medium voltage drive comparison

CONCLUSION

The improvement in process performance and energy savings is largely independent of the choice

of drive. Although not always easy, the customer should compare a drive performance and price

from a system perspective, as the particular drive choice has significant implications for the rest

of the system, e.g., on the motor and supply transformer.

A medium voltage drive customer has a wide choice with many feature options available.
Undoubtedly, there will be improvements as new semiconductor switching devices are designed.
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